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Lithium tetrahydridoboranate (LiBH4) may be a potentially interesting material for hydrogen storage, but in
order to absorb and desorb hydrogen routinely and reversibly, the kinetics and thermodynamics need to be
improved significantly. A priori, this material has one of the highest theoretical gravimetric hydrogen contents,
18.5 wt %, but unfortunately for practical applications, hydrogen release occurs at too high temperature in a
non-reversible way. By means of in situ synchrotron radiation powder X-ray diffraction (SR-PXD), the
interaction between LiBH4 and different additivessSiO2, TiCl3, LiCl, and Ausis investigated. It is found
that silicon dioxide reacts with molten LiBH4 and forms Li2SiO3 or Li4SiO4 at relatively low amounts of
SiO2, e.g., with 5.0 and 9.9 mol % SiO2 in LiBH4, whereas, for higher amounts of SiO2 (e.g., 25.5 mol %),
only the Li2SiO3 phase is observed. Furthermore, we demonstrate that a solid-state reaction occurs between
LiBH4 and TiCl3 to form LiCl at room temperature. At elevated temperatures, more LiCl is formed
simultaneously with a decrease in the diffracted intensity from TiCl3. Lithium chloride shows some solubility
in solid LiBH4 at T > 100°C. This is the first report of substituents that accommodate the structure of LiBH4

by a solid/solid dissolution reaction. Gold is found to react with molten LiBH4 forming a Li-Au alloy with
CuAu3-type structure. These studies demonstrate that molten LiBH4 has a high reactivity, and finding a catalyst
for this H-rich system may be a challenge.

Introduction

Recently, there has been increased focus on sustainable and
renewable energy sources as alternatives to the present use of
fossil fuels. Many of these energy outputs are, however, not
constant in time, and therefore there is huge interest in
developing an efficient, robust, rechargeable energy storage
system. Hydrogen is considered an interesting energy carrier
for the future, and the storage of hydrogen in hydride materials
may be a safe, efficient, and cheap way for mobile applications,
such as cars and trucks, but a number of both fundamental and
more technological challenging issues still have to be solved
before the proposed hydrogen society can become a reality.1-4

Solid-state storage of hydrogen as a metal hydride is studied
intensively and is currently considered to be one of the most
promising routes to reach high storage capacities in the future.
Most of the proposed hydrogen storage materials have high
volumetric hydrogen densities, up to 150 g H2/L for Mg2FeH6,

which is more than twice the density of liquid hydrogen, 71 g
H2/L.5 To achieve high gravimetric hydrogen densities, one
needs to focus on the light metals, e.g., Li, Na, Mg, B, and Al,
and these are known to form a variety of metal hydride
materials.6-9

A potentially interesting material is the complex metal hydride
LiBH4, which contains a large amount of hydrogen, measured
by both mass and volume (18.5 wt % and 121 g H2/L), but
unfortunately the hydrogen release occurs at too high temper-
atures in a non-reversible way for practical applications. A
modification of this system, e.g., by adding a catalyst, is
therefore called upon, and this has prompted us to study this
material further. The structure of LiBH4 is built from tetrahedra
of BH4

- and Li+ ions, each having a coordination number of
four. Normally, LiBH4 exists as an orthorhombic phase at low
temperatures and transforms to a hexagonal phase at ap-
proximately 108°C, and these two phases are denotedo- and
h-LiBH4, respectively.10,11 It is found that LiBH4 releases
hydrogen in several steps; a hydrogen release of ca. 1 wt %
has been observed at 380°C, followed by a main desorption of
ca. 9 wt % H2, in the temperature range 420-600°C.11 Powder
diffraction patterns of two new phases were observed during
the decomposition of LiBH4, but their detailed structures and
composition remain unknown.12 Furthermore, several new
structures and compositions of lithium tetrahydridoboranates
were proposed from theoretical calculations.13-15 In order to
release more hydrogen reversibly at lower temperatures, further
knowledge of the mechanism of gas release is needed. Alter-
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natively, a catalyst can be added or a new reaction pathway
can be obtained from a suitable reactive hydride composite. The
latter can be achieved using a relatively large amount of another
hydride as additive, which may shift the thermodynamics of
the reaction to lower temperatures.16-18 In contrast, only a small
amount of a catalytic additive is necessary in order to enhance
the kinetics of the process. Pure LiBH4 is known to decompose
to lithium hydride and boron, releasing 13.6 wt % H2 at an
equilibrium temperature ofT ) 410 °C (p(H2) ) 1 bar)
corresponding to∆H ) -68.9 kJ/mol H2.19 On the other hand,
the reactive composite hydride LiBH4/MgH2 (2:1) releases 11.5
wt % H2 reversible during the formation of LiH and MgB2 at
an equilibrium temperature ofT ) 168 °C (p(H2) ) 1 bar),
corresponding to∆H ) 45.8 kJ/mol H2.20,21 Furthermore, a
mixture of LiNH2 and LiBH4 (2:1) also releases hydrogen at
moderate conditions (10 wt % at ca. 250°C) and involves the
formation of a quaternary hydride, Li4(BH4)(NH2)3, containing
an ordered arrangement of BH4

- and NH2
- ions.22,23 The

kinetics of hydrogen release and uptake can be catalyzed by
metals, oxides or chlorides of the transition metals in some cases.
The interaction of LiBH4 with different selected additives (Au,
SiO2, LiCl and TiCl3) is therefore further investigated in this
study using in situ synchrotron radiation powder X-ray diffrac-
tion (SR-PXD) in order to improve the hydrogen storage
properties of this promising material.

Experimental Section

Sample Preparation. Samples of LiBH4 with different
additives, i.e., Au, SiO2, LiCl, or TiCl3, were investigated.
Silicon dioxide (SiO2, cristobalite) (5.0, 9.9, or 25.5 mol %)
was added to LiBH4 and crushed for ca. 5 min by hand in an
agate mortar and afterward blended for ca. 10 min with a ball
grinder using 10 glass balls (0.5 mm o.d.). Samples of LiBH4

containing TiCl3 (2.0 mol %) or Au (1.8, 1.5, or 0.29 mol %)
were crushed in an agate mortar for ca. 10 min by hand in order
to obtain a homogeneous mixture. Samples of LiBH4 containing
15 mol % LiCl were ball-milled 60 times in 2 min intervals
separated by 2 min pauses. The speed of the main disk was
200 rounds per minute, and the speed of the planets was-560
rounds per minute using a Fritsch pulverisette no. 4. The sample-
to-ball ratio was 1:156 using a WC vessel and 10 mm WC balls.
As a standard, 5 wt % Au was added to the ball-milled LiBH4

and LiCl sample, and the mixture was crushed in an agate mortar
for ca. 10 min by hand to obtain a homogeneous mixture. An
overview of the experimental work is provided in Table 1. The
chemicals used were LiBH4 (95%, Aldrich), SiO2, cristobalite
(purified and calcined, Merck), TiCl3 (99.999%, Aldrich), and
Au powder (spherical,< 5 µm, 99.95%, Alfa Aesar). Dry LiCl
was prepared from LiCl‚H2O (Aldrich, %) kept at 120°C for 5
days. All handling and manipulation of the chemicals were
performed in an argon-filled glove box.

In Situ Time-Resolved (SR-PXD).Data were collected at
the synchrotron NSLS, Brookhaven National Laboratory beam-
lines X7B and X6B, and at the synchrotron MAX II, Lund,
Sweden, MAX-Lab beamline I711 with a MAR345 image plate
(X7B), a Simens CCD area detector (X6B), and a MAR165
CCD detector (I711) system.24,25The selected wavelengths were
in the range of 0.65255-1.1072 Å. The sample cell was
specially developed for studies of gas/solid reactions and allows
high pressure and temperature to be applied.26,27 The samples
were mounted in a sapphire single-crystal tube (1.09 mm o.d.,
0.79 mm i.d., Al2O3) in an argon-filled glove box (p(O2, H2O)
< 0.3 ppm). The temperature was controlled with a thermo-
couple placed in the sapphire tube next to the sample. A gas

supply system was attached to the sample cell, which allowed
the change of gas and pressure via a vacuum pump during X-ray
data acquisition. The system was flushed with N2 or He (see
Table 1) and evacuated three times before the valve to the
sample was opened prior to the X-ray experiment. The X-ray
exposure time was 30-60 s per powder diffraction pattern. The
FIT2D program was used to remove diffraction spots from the
sapphire sample holder and to transform raw data to powder
patterns.28

Sample Characterization.In-house powder X-ray diffraction
(PXD) data was measured in Debye-Scherrer geometry using
a Stoe diffractometer equipped with a curved Ge (111) mono-
chromator (Cu KR1 radiation,λ ) 1.54060 Å) and a curved
position-sensitive detector covering 28°. Air-sensitive samples
measured at room temperature (RT) were mounted between two
thin (3.6 µm) Mylar films. Samples for high-temperature
measurements were mounted in a quartz capillary (0.5 mm i.d.)
in an argon-filled glove box and sealed with epoxy glue prior
to the experiments. The sample was heated 5°C/min to fixed
temperatures of 30, 50, 70, and 90°C + n‚10 °C (n ) 1, 2 ...
16) where PXD data was collected from 16 to 43° in 2θ with
a counting time of 420 s. The program Origin 6.1 was used to
perform a numerical integration of selected diffraction peaks
for each phase for estimation of the sample composition at
different temperatures. The following reflections were used:
o-LiBH4: (101), (011), (200) (002);h-LiBH4: (100), (002),
(101); LiCl: (111), (200); and Au: (111).

Differential thermal analysis was performed using a Netzsch
STA449C Jupiter instrument (heating rate 10°C/min, RT to
330 °C) and aluminum oxide crucibles with lids as sample
holders. The phase transformation fromo- to h-LiBH4 and the
melting point of LiBH4 were observed at 112( 2 °C and 281
( 2 °C, respectively, for all samples (temperatures are measured
as the onset of the thermal event). These data were used as an
internal temperature calibration for the in situ SR-PXD experi-
ments.

Results and Discussion

In the following, the interaction between LiBH4 and different
additives is investigated, and in order to minimize possible

TABLE 1: Experimental Details for the In Situ SR-PXD
Experiments Performed with LiBH 4 and Additivesa

thermal treatment

sample no. additive (mol %) Tmax (°C) ∆T/∆t (°C/min)

1 0 600 3.2

LiBH4 + SiO2

2 5.0 400 5.0
3 5.0 500 5.0
4 5.0 500 3.0
5 9.9 500 5.0
6 9.9 500 3.0
7 25.5 500 3.0
8 25.5 500 3.0
9 25.5 500 5.0

LiBH4 + Au
10 1.5 600 4.7
11 1.8 400 5.0
12 0.3 400 4.8

LiBH4 + TiCl3
13 2.0 300 5.0

LiBH4 + LiCl
14 15 250 5.0

a The samples were heated from RT toTmax with a fixed heating
rate,∆T/∆t.
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reactions prior to experimental investigation, the reactants were
only mixed in a mortar.

Silicon Dioxide as Additive in LiBH4. A possible catalytic
effect of SiO2 on the dehydrogenation of LiBH4 was previously
reported, but the exact reaction mechanism remains unknown.11

In order to investigate the interaction between lithium tetrahy-
dridoboranate and silicon dioxide, several samples with different
molar ratios (see Table 1) were studied using in situ SR-PXD.
Data that is broadly representative of the results for the SiO2

additive is presented in the following.
A series of in situ SR-PXD patterns measured for a sample

of LiBH4 mixed with 5 mol % SiO2 is shown in Figure 1.
Reflections in the powder patterns from RT to 110°C can be
indexed as orthorhombic LiBH4 (o-LiBH4) and tetragonal SiO2
(cristobalite) with the following refined unit cell parameters:a
) 7.243(11),b ) 4.460(6),c ) 6.892(9) Å anda ) 5.027(9),
c ) 7.065(16) Å, respectively, both refined atT ) 50 °C.11,29

Cristobalite (SiO2) transforms to a cubic structure in the
temperature range 200-370 °C, a ) 7.178(7) Å at T )
327 °C. The hexagonal high-temperature phase of LiBH4 (h-
LiBH4) was observed from 110 to 280°C, where the sample
melted. In the temperature range 220-285°C, weak reflections
(not shown in Figure 1) were observed, which correspond to
the new hexagonal variant of partly dehydrogenated lithium
tetrahydridoboranate, denoted as phase I.12 SiO2 was the only
crystalline phase observed in the temperature range from 275
to 370 °C. In all experiments with different amounts of the
additive SiO2, the formation of lithium metasilicate (Li2SiO3)
was verified at ca. 370°C. By adding less than 10 mol % SiO2

to LiBH4, the orthosilicate (Li4SiO4) was observed at ca.
450°C, but its formation was not noticed using 25 mol % SiO2.
Apparently, Li needs to be in excess to facilitate the formation
of the orthosilicate Li4SiO4. In earlier studies, the hydrogen
release (13.5 wt % at 200< T < 600°C) from LiBH4 containing
glass powder (25 wt % LiBH4 and 75 wt % glass powder) was
seen atT > 200 °C, which is at lower temperatures than that
for pure LiBH4.11 Our studies demonstrate that an irreversible
reaction between molten LiBH4 and SiO2 occurs.

LiBH 4 Mixed with TiCl 3. Titanium trichloride has a well-
documented catalytic effect on the hydrogen release and uptake
from NaAlH4.30 Furthermore, earlier studies have demonstrated
that TiCl3 lowers the hydrogen desorption temperature of LiBH4,
and this prompted the present study.31

It was initially noticed that the color of a sample of LiBH4

with 2 mol % TiCl3 changed from light red/purple to gray/black

when kept a few hours at RT in an argon-filled glove box, which
indicates that a chemical reaction takes place. The chemical
reaction causing the color change can be suppressed when the
sample is instead kept at low temperatures,T ) -35 °C. The
reaction between LiBH4 and TiCl3 was studied for 20 h at RT
with PXD, and the formation of LiCl was clearly observed (data
not shown). In situ SR-PXD data recorded from a similar sample
of LiBH4 with 2 mol % of TiCl3 is displayed in Figure 2 (see
Table 1, sample 13) and clearly demonstrates that TiCl3 partly
reacts with LiBH4 to form LiCl already at RT prior to the X-ray
experiment.

The inset in Figure 2 shows that the diffracted intensity from
TiCl3 is almost constant in the temperature range from RT to
50 °C, but decreases at higher temperatures and disappears at
177 °C. The diffracted intensity from LiCl is also almost
constant in the temperature range from RT to 50°C, but then
increases to a maximum atT ) 85 °C. Surprisingly, the
diffracted intensity from LiCl decreases in the temperature range
from 100 to 245°C. This was further investigated by in situ
PXD of a sample containing LiBH4 ball-milled with 15 mol %
LiCl heated from RT to 250°C, as shown in Figure 3. This
sample was ball-milled to bring the solids in intimate contact
and to study possible solid-state reactions at temperatures below

Figure 1. Series of SR-PXD patterns for a LiBH4 mixture with 5 mol
% SiO2 heated from RT to 580°C (Table 1, sample no. 2) showing
the formation of crystalline silicates (5°C/min, λ ) 1.06218 Å).
Symbols: O o-LiBH4, b h-LiBH4, 1 SiO2 (tetragonal),3 SiO2 (cubic),
] Li2SiO3, and[ Li4SiO4.

Figure 2. SR-PXD patterns from LiBH4 with 2 mol % TiCl3 heated
from RT to 300°C showing the formation of LiCl already at RT (sample
no. 13, see Table 1) (5°C/min, λ ) 1.1072 Å). The inset shows the
increase in the intensity of LiCl peaks simultaneously with a decrease
in the intensity of the peaks from TiCl3. Symbols: O o-LiBH4, b
h-LiBH4, 2 LiCl, and 4 TiCl3.

Figure 3. PXD patterns from LiBH4 with 15 mol % LiCl heated from
RT to 250°C showing a decrease in the diffracted intensity of LiCl at
ca. 120°C, simultaneously with an increase in the diffracted intensity
of LiBH4. (5 °C/min,λ ) 1.54060 Å) Symbols:O o-LiBH4, b h-LiBH4,
2 LiCl, and 9 Au.
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the melting point of LiBH4. A decrease in the diffracted intensity
of LiCl was observed above ca. 120°C in the diffraction data,
correlating with an increase in the diffracted intensity of LiBH4.
Figure 4 shows the integrated diffracted intensity of selected
reflections from LiBH4, LiCl, and Au as a function of temper-
ature. The decrease in diffracted intensity fromo-LiBH4 in the
temperature range from RT to 110°C is possibly correlated
with the increasing disorder as a result of the librational and
reorientational motion of BH4- tetrahedra as theo- to h-LiBH4

phase transition is approached.32 At temperatures above 110°C,
the data clearly demonstrate the relationship between the
increasing diffracted intensity ofh-LiBH4 and the disappearance
of LiCl, which indicates that solid LiCl is dissolved in the
structure of solidh-LiBH4. This finding is rather unexpected
because of the structural differences between wurtzite-type
h-LiBH4 (coordination number four) and the sodium chloride-
type structure of LiCl (coordination number six). However, the
cation-anion distances are similar in these two structures, being
2.57 and 2.80 Å for the Li-Cl and Li-B contacts, respectively.
Extreme reorientational displacement motion around the trigonal
axis of BH4

- in h-LiBH4 was recently observed by neutron
vibrational spectroscopy and Raman spectroscopy.32-34 As a
result,h-LiBH4 might have increased structural flexibility and
reactivity, which might explain the dissolution of LiCl to some
extent in the solidh-LiBH4.

It has previously been proposed that an ion-exchange reaction
between of LiBH4 and TiCl3 resulting in LiCl and Ti(BH4)3

can occur, where Ti(BH4)3 decomposes and releases hydrogen
at 25 °C and forms metallic borides.35 Titanium or titanium
borides were not observed in the PXD data, and the latter is
possibly due to relatively high crystallization temperatures as
compared to the temperatures used in this investigation. Earlier
desorption measurements of ball-milled samples of LiBH4 with
ca. 4 mol % TiCl3 showed no hydrogen release at temperatures
above 100°C.31 This may indicate that a chemical reaction
between LiBH4 and TiCl3 occurred already during ball-milling.

LiBH 4 Mixed with Au. Gold is a noble and inert metal, but,
on the other hand, numerous recent studies have shown that
Au nanoparticles are indeed very reactive and have interesting
catalytic properties.36 Therefore, it was decided to study the
influence of Au utilized as an additive in LiBH4.

In a previous study of intermediate phases obtained by heating
LiBH4, a gold foil was utilized as crucible. It was noticed that
the gold foil obtained a darker color and that the white LiBH4

powder was more foam-like and gained a harder surface, even
though the heat treatment was performed below the melting
point of LiBH4.12 This finding might indicate that a gold-
catalyzed reaction occurred. In order to further study this
phenomenon, LiBH4 was mixed with gold powder (1.5 mol %)
and examined by in situ SR-PXD, as shown in Figure 5. Prior
to the melting point of LiBH4, a significant decrease in the
intensity of the diffraction peaks assigned to gold was observed
(see inset in Figure 5). At the melting point of LiBH4, a set of
new reflections is observed, and these are assigned to a new
Li-Au compound.

All diffraction peaks from the new phase were indexed with
a cubic unit cella ) 4.0614(5) Å. The AuCu3-type structure
with the space groupPm3m has been utilized as a model,
keeping the 1a Wyckoff site completely filled by Au atoms and
refining the occupancy of the 3c Wyckoff site. Refinement
converged atRB ) 8.1%, Rp ) 3.6%, Rwp ) 5.55, and 60.5-
(5)% occupation of the 3c site by Au atoms. A composition of
the Li-Au alloy cannot be deduced on the basis of the site
occupancies only, since we have to assume occupancy of at
least one site. In this case the 1a site was assumed to be occupied
by Au atoms only, though it may actually show a mixed Li and

Figure 4. Integrated diffracted intensity of selected reflections from
LiBH4, LiCl, and Au shown as a function of temperature. It is found
that LiCl is dissolved in theh-LiBH4 structure at temperatures above
116 °C. Symbols:b h-LiBH4, 2 LiCl, and 9 Au. (Open symbols are
data measured after heating the sample.)

Figure 5. Stack of powder diffraction patterns from a sample of LiBH4

with 1.5 mol % Au heated from RT to 340°C (sample no. 11, see
Table 1) (5°C/min, λ ) 0.65255 Å). It is observed that LiBH4 reacts
with Au after the melting point, and a new AuCu3-type structure of Li
and Au is formed. Symbols:O o-LiBH4, b h-LiBH4, 9 Au, and0
Li xAu1-x.
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Au occupation. The composition may be estimated from the
refined unit cell parameter. Gold is expected to have the unit
cell axisa ) 4.094 Å at 365°C,37 which is slightly larger than
the lattice parameter for the Li-Au alloy. On the other hand, a
relatively Li-rich Li-Au alloy reveals ca. 8% volume contrac-
tion compared to that of pure Au.38 These data thus suggest
that the Li-Au alloy, obtained from the reaction between molten
LiBH4 and Au, is a Au-rich alloy.

It is interesting that the AuCu3-type structure has been
reported for the LiAu3 compound.38 However, while in this case
for Li xAu1-x the 1a site is more rich in gold than 3c, in the
LiAu3 phase, the 1a site is occupied by Li atoms, and the 3c
site is occupied by Au only. Although the Li-Au alloy is
identified here as a partly ordered AuCu3-type variant of the
F-centered structure of Au, the real symmetry of the structure
may be lower than the cubic observed as a small shift of
superstructure peaks compared to their theoretical positions.
These shifts can be well explained by the presence of staking
faults.

During the reaction between molten LiBH4 and Au, the
formation of LiH might occur, but reflections from LiH are not
observed in the diffraction data (Figure 5), possibly due to an
overlap between reflections from the Li-Au alloy and LiH. No
reflections from boron-containing phases are observed after the
melting of LiBH4, which might be due to the ability of boron
to form glass phases.

Conclusion

An in situ PXD study has been performed with a focus on
the reactions between LiBH4 and different additives, i.e., SiO2,
TiCl3, LiCl, and Au. It was found that quartz reacts with molten
LiBH4 in a irreversible manner and forms Li2SiO3, and, in
mixtures with low amounts of SiO2, the orthosilicate Li4SiO4

was also found. Therefore, hydrogen release from samples of
LiBH4 containing SiO2 is likely due to a chemical reaction and
not a catalytic process. It was also demonstrated that a solid-
state reaction occurs at RT between LiBH4 and TiCl3 to form
LiCl. Surprisingly, it is observed that LiCl is dissolved in the
structure of solidh-LiBH4 at temperatures above ca. 100°C.
This is the first example of a chemical substitution in LiBH4.
This may open a way to modify this H-rich system in order to
improve its hydrogen storage properties. Gold reacts with molten
LiBH4, resulting in a new LixAu1-x phase, which has a CuAu3-
type structure. These studies demonstrate that molten LiBH4

has a high reactivity. Therefore, it is a challenge to find a
material that could act as a catalyst for hydrogen release and
uptake in LiBH4 without being consumed in a chemical reaction
with molten LiBH4. On the other hand, the high reactivity can
be a useful property, which may provide new reactive hydride
composites, e.g., in analogy with the system 2LiBH4 + MgH2

T MgB2 + 2LiH + 4H2. The result presented here that additives
can be accommodated in the structure of solid LiBH4, as
observed here for LiCl, may reveal an alternative synthetic route
for new improved hydrogen storage materials based on lithium
tetrahydridoboranate.
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